Wright CJ, Zhuang T, La P, Yang G, Dennery PA. Hyperoxiainduced NF-B activation occurs via a maturationally sensitive atypical pathway. Am J Physiol Lung Cell Mol Physiol 296: L296 -L306, 2009. First published December 12, 2008 doi:10.1152/ajplung.90499.2008.-NF-B activation is exaggerated in neonatal organisms after oxidant and inflammatory insults, but the reason for this and the downstream effects are unclear. We hypothesized that specific phosphorylation patterns of IB␣ could account for differences in NF-B activation in hyperoxia-exposed fetal and adult lung fibroblasts. After exposure to hyperoxia (Ͼ95% O2), nuclear NF-B binding increased in fetal, but not adult, lung fibroblasts. Unique to fetal cells, phosphorylation of IB␣ on tyrosine 42, rather than serine 32/36 as seen in TNF-␣-exposed cells, preceded NF-B nuclear translocation. In fetal cells stably transfected with an NF-B-driven luciferase reporter, hyperoxia significantly suppressed reporter activity, in contrast to increased reporter activity after TNF-␣ incubation. Targeted gene profiling analysis showed that hyperoxia resulted in decreased expression of multiple genes, including proapoptotic factors. Transfection with a dominant-negative IB␣ (Y42F), which cannot be phosphorylated on tyrosine 42, resulted in upregulation of multiple proapoptotic genes. In support of this finding, caspase-3 activity and DNA laddering were specifically increased in fetal lung fibroblasts expressing Y42F after exposure to hyperoxia. These data demonstrate a unique pathway of NF-B activation in fetal lung fibroblasts after exposure to hyperoxia, whereby these cells are protected against apoptosis. Activation of this pathway in fetal cells may prevent the normal pattern of fibroblast apoptosis necessary for normal lung development, resulting in aberrant lung morphology in vivo.
IB␣; apoptosis DESPITE ADVANCES IN NEONATAL care and improved survival of very low-birth-weight infants, the incidence of bronchopulmonary dysplasia (BPD) has remained at 25-35% (65) . O 2 therapy has long been implicated in the pathogenesis of BPD (63) . The toxic effects of O 2 depend not only on the nature of the exposure, but also on the maturational stage of the organism at the time of exposure. Hyperoxia causes severe lung injury and mortality in adult rodents, but this mortality is less pronounced in similarly exposed neonatal rodents (31) . Nonetheless, neonatal animals exposed to hyperoxia develop lesions resembling BPD (5, 26, 33, 43, 66) . In vitro studies have demonstrated that hyperoxia results in necrosis, apoptosis, and abnormal differentiation of lung cells (8, 51, 54) , which may explain in part the abnormal lung development seen in these studies.
NF-B has been implicated in the pathogenesis of multiple pulmonary diseases (22) . This multisubunit transcription factor activates genes that regulate apoptosis and respond to inflammation and oxidative stress (4, 34, 37) . Multiple models have shown increased NF-B activation in neonates compared with adults after exposure to inflammatory and oxidant stimuli (39, 64, 68) . In preterm infants, increased NF-B activation has been linked to respiratory distress syndrome and an increased risk of developing BPD (10, 18, 20) . However, whether this increased activation is a protective response to multiple inflammatory and oxidant stimuli or whether it represents a dysregulated reaction to stress remains unexplored (3, 29, 30, 42) . In addition, the downstream effects of activation of this transcription factor on the developing lung are unknown.
In quiescent cells, NF-B remains sequestered in the cytoplasm bound to its inhibitory protein IB␣ (34) . With inflammation or oxidant stress, IB␣ is phosphorylated, causing dissociation and unmasking of the nuclear localization sequence of NF-B subunits (37) . With an inflammatory stimulus, such as TNF-␣, IB␣ is phosphorylated on serine residues at positions 32 and 36 and degraded through the proteosomal pathway (37) . In addition to this canonical pathway, an atypical pathway of NF-B activation, where phosphorylation of IB␣ occurs on tyrosine 42, has been described (36) . This specific phosphorylation occurs after stimulation with pervanadate, nerve growth factor, H 2 O 2 , and ischemia-reperfusion (17, 36, 40) . The following questions remain to be answered. 1) Does hyperoxia-induced NF-B activation also rely on this alternative pathway? 2) Are there maturational differences in this pathway? 3) What are the downstream effects of this particular activation pathway?
We used an in vitro fibroblast culture model to provide insights into the effects of hyperoxia on the immature lung. Fibroblasts perform multiple essential functions during lung development. These cells provide vitamin A precursors, elastin, and keratinocyte growth factor (or fibroblast growth factor 7) (9, 21, 27, 44, 49, 52, 53) . Additionally, fibroblasts undergo apoptosis during normal lung development (13, 41, 55, 56) . Any interruption of these processes could have striking implications for the developing lung, including fibrosis or simplified alveolar structure. In this report, we show that, in lung fibroblasts, hyperoxia-induced NF-B activation only occurs in fetal cells and via the specific phosphorylation of tyrosine 42 of IB␣. This results in NF-B nuclear translocation and modulation of apoptotic pathways during oxidative stress.
METHODS
Cell culture and hyperoxic and TNF-␣ exposure. RLF-6 fibroblasts (American Type Culture Collection, Manassas, VA), derived from lung tissue of normal, 18-day-gestation Sprague-Dawley rat fetuses, were grown in F12K medium supplemented with 15% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin (Mediatech, Herndon, VA) and maintained at 37°C in 5% CO 2-95% room air. RLF primary cells (Cell Applications, San Diego, CA), derived from normal adult rat lung tissue, were grown in RLF medium (Cell Applications) and maintained at 37°C in 5% CO 2-95% room air. In all experiments, cells were seeded at 30 -50% confluence on plastic culture dishes and allowed to adhere overnight before exposure. Hyperoxic exposure was conducted in a humidified chamber (BillupsRothberg, Del Mar, CA) that was flushed with 95% O 2-5% CO2 (hyperoxia) at a flow rate of 20 l/min for 5 min before incubation at 37°C. For experiments in which TNF-␣ (catalog no. T7539, Sigma, St. Louis, MO) was used, it was diluted in supplemented F12K medium to a concentration of 20 ng/ml and added to cells before collection. For experiments in which H 2O2 was used, it was diluted in supplemented F12K medium to a concentration of 1 mM and added to cells before collection.
Preparation of cytosolic and nuclear extractions. Cells were washed with ice-cold Tris-buffered saline (TBS, pH 7.4) and scraped with 500 l of TBS ϩ 1 M protease inhibitor cocktail (catalog no. P8340, Sigma) and 1 M phosphatase inhibitor cocktail (catalog no. 524625, Calbiochem, Gibbstown, NJ). Nuclear and cytosolic fractions were extracted using a nuclear protein extraction kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer's instructions. Protein content was determined by the Bradford method (Bio-Rad Laboratories, Hercules, CA).
Evaluation of nuclear NF-B binding by EMSA. A 32 P-labeled oligonucleotide with the consensus sequence for NF-B (5Ј-AGTT-GAGGGGACTTTCCCAGGC-3Ј; Promega, Madison, WI) was used as a probe to evaluate NF-B binding ability, as described previously (69) . For identification of nonspecific binding of nuclear proteins, competition reactions were performed by addition of 50-fold excess of the non-radio-labeled NF-B consensus sequence or 50-fold excess of non-radio-labeled mutated NF-B consensus sequence (5Ј-AGTT-GAGGCGACTTTCCCAGGC-3Ј; Santa Cruz Biotechnology, Santa Cruz, CA) to the reaction mixtures before electrophoresis. In separate experiments, for identification of the NF-B subunit proteins in the binding complex, 2.5 l of p50 or p65 antibody (Calbiochem) were incubated with nuclear proteins for 1 h at 37°C before addition of the radio-labeled probe.
Localization of p65 nuclear translocation in fetal lung fibroblasts. Immunocytochemical staining of p65, as an index of NF-B activation, was performed on RLF-6 cells grown on coverslips. Cells were washed with PBS and fixed for 10 min at Ϫ20°C with methanol. Cells were permeabilized with saponin, blocked, and washed before incubation with anti-NF-B p65 antibody (1:50 dilution; Cell Signaling) for 2 h. Cells were washed with PBS and incubated with the secondary antibody Alexa Fluor 594-goat anti-rabbit IgG (1:500 dilution; Molecular Probes) for 1 h. One drop of Vectashield with 4Ј6-diamidino-2-phenylindole (Vector Laboratories) was added to each coverslip. The coverslips were viewed using an Olympus fluorescent microscope.
Evaluation of IB␣, Bax, p65, caspase-3, and calnexin proteins. Cytosolic extracts (20 g) were electrophoresed on a 4 -12% polyacrylamide gel (Invitrogen). Proteins were transferred to an Immobilon membrane (Millipore). Membranes were blotted with anti-IB␣ (catalog no. sc-847, Santa Cruz Biotechnology), anti-Bax antibody (catalog no. sc-493, Santa Cruz Biotechnology), anti-caspase-3 (Calbiochem), or anti-calnexin (Stressgen). Nuclear extracts (20 g) were electrophoresed on a 4 -12% polyacrylamide gel (Invitrogen). Proteins were transferred to an Immobilon membrane. Membranes were blotted with p65 antibody (Cell Signaling) and anti-acetyl-histone H3 (Upstate Biotechnology).
Phosphatase treatment. Fetal and adult lung fibroblasts were exposed for the indicated times and solubilized in RIPA buffer. Protein content was determined by the Bradford method, and 20 g of cell lysate were treated with increasing doses of calf intestinal phosphatase (CIP, 1 U/l; Roche) or tyrosine-specific phosphatase [protein tyrosine phosphatase (PTP1B), 0.5 mg/ml; Biomol] for 30 min at 37°C. Samples were subjected to SDS-PAGE and immunoblotting with anti-IB␣ antibody (see above).
Transfection with vector and wild-type and dominant-negative IB-␣. To determine the role of phosphorylation of IB␣ in hyperoxia-induced NF-B activation, we transfected fetal cells with an empty vector (V, pcDNA3.1), the vector containing wild-type (WT) IB␣, or dominant-negative mutant IB␣ (Y42F), in which phenylalanine is substituted for tyrosine 42. Cells (5 ϫ 10 4 ) were plated on 60-mm plates and allowed to achieve 90% confluence. The plasmids (8 g) were diluted in 500 l of Opti-MEM (without serum and antibiotics) and then mixed with 500 l of Opti-MEM containing Lipofectamine 2000 (12 l; Invitrogen). This mixture was added to 1 ml of DMEM with 10% FBS without antibiotics and placed on fetal cells, which were incubated for 6 h. After incubation, medium was changed to F12K medium supplemented with 15% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin. After 24 h of transfection, cells were exposed to hyperoxia (see above). Cells were collected for cytosolic and nuclear extraction as described above. For evaluation of transfection efficiency, the above-described protocol was followed, with cotransfection of 1 g of phosphorylated enhanced green fluorescent protein with empty vector (8 g, V, pcDNA3.1), the vector containing WT IB␣ (8 g), or Y42F (8 g). Cells were subjected to fluorescence-activated cell sorting for green fluorescent protein. For verification of protein expression of the transfected construct Y42F, cytosolic extracts were prepared from transfected cells. Western analysis was performed as described above, and membranes were blotted with anti-IB␣ against the COOH terminus (catalog no. sc-371, Santa Cruz Biotechnology) to obviate any loss of antibody affinity due to the mutated residues.
Stable transfection of fetal lung fibroblasts with NF-B-driven luciferase reporter. Fetal cells were grown to 90% confluence on a six-well plate and transfected with a luciferase reporter gene driven by four copies of the NF-B consensus sequence fused to a TATA-like promoter (4 g of pNFB-luc; Clontech, Mountain View, CA) and a plasmid containing a puromycin resistance gene (0.5 g; Invitrogen). The plasmids were diluted in 500 l of Opti-MEM (without serum and antibiotics) and then mixed with 500 l of Opti-MEM containing Lipofectamine 2000 (12 l). This mixture was added to 1 ml of DMEM with 10% FBS without antibiotics and placed on fetal cells, which were incubated for 24 h. After incubation, cells were trypsinized, divided between two 10-cm plates, and mixed with F12K medium supplemented with 15% fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin, and 2.5 g/ml of puromycin. After 1 wk, single colonies were picked up and passaged 3 times with the puromycin-containing medium. Activation of NF-B in stably transfected cells was visualized using an in vivo imaging system (Xenogen), as previously described (23) . Cells were incubated with 150 g/ml luciferin for 15 min at room temperature and imaged using the in vivo imaging system. Cells were confirmed to carry the construct by photon emission after stimulation with TNF-␣ (20 ng/ml).
Evaluation of phosphorylated IB␣ via immunoprecipitation. Fetal and adult lung fibroblasts were exposed for the indicated times, solubilized in RIPA buffer to which 1 M protease inhibitor cocktail (catalog no. P8340, Sigma, St. Louis, MO) and 1 M phosphatase inhibitor cocktail (catalog no. 524625, Calbiochem, Gibbstown, NJ) were added, and centrifuged at 14,000 rpm for 15 min, and supernatants were collected as whole cell lysate. Protein concentration of the cell lysate was determined by the Bradford method. Cell lysate was diluted to 1 g/l with RIPA buffer. Samples were incubated with agarose beads conjugated to anti-phosphotyrosine antibody, rabbit polyclonal anti-IB␣ antibody, or rabbit IgG (catalog nos. sc-7020 AC, sc-847 AC, and sc-2345, respectively, Santa Cruz Biotechnology) for 12 h. Beads were collected via pulse centrifugation (5 s at 14,000 rpm). Supernatant was discarded, and beads were washed twice with ice-cold TBS. Beads were resuspended in 2ϫ SDS loading buffer (50 l). Immunocomplexes were dissociated from beads by boiling for 5 min. Beads were sedimented by brief centrifugation, and 20 l of the supernatant were subjected to SDS-PAGE and immunoblotting with anti-phosphotyrosine (catalog no. sc-7040, Santa Cruz Biotechnology), anti-IB␣ (catalog no. sc-847, Santa Cruz Biotechnology), or anti-phospho-IB␣ tyrosine 42 antibody (ECM Biosciences, Versailles, KY) as described above. To evaluate protein capture by the anti-IB␣ (catalog no. sc-847, Santa Cruz Biotechnology) and obviate the cross-reactivity that is observed with use of antibodies raised in the same species, we subjected the supernatant to SDS-PAGE and immunoblotting with mouse monoclonal anti-IB␣ (catalog no. sc-1643, Santa Cruz Biotechnology).
Determination of gene expression profile by targeted microarray. The expression of genes involved in apoptosis was analyzed with Oligo GEArray (SuperArray, Bethesda, MD) according to the manufacturer's protocol. Cells were exposed to room air or hyperoxia (8 h), or they were transfected with Y42F and exposed to room air or hyperoxia (8 h). RNA was isolated using the ArrayGrade total RNA isolation kit (SuperArray). Isolated RNA (3 g) was labeled and amplified using the TrueLabeling-AMP 2.0 kit (SuperArray). The resulting probes were hybridized to gene-specific cDNA fragments spotted in quadruplicates on the GEArray membranes. The signal of the hybridized spots was measured and analyzed using the GEArray Expression Analysis Suite according to the manufacturer's instruction.
Evaluation of caspase-3 activity and DNA laddering. Cells were plated on 60-mm plates, and WT IB␣ or Y42F was delivered into the cells with Lipofectamine 2000 (see above). Cells were exposed to 24 h of hyperoxia and collected with RIPA buffer without protease inhibitors. Fluorometric caspase-3 substrate (9 g) was incubated with cell lysate (50 g) for 90 min at 37°C, and caspase-3 activity was evaluated according to the manufacturer's instructions (Upstate Biotechnology). For evaluation of DNA laddering, genomic DNA was isolated using the BDtract genomic DNA isolation kit (Maxim Biotech, San Francisco, CA). Fragmented DNA was ligated to adaptor DNA fragments and subjected to PCR for amplification of cleaved genomic DNA according to the manufacturer's instructions (PCR kit for DNA ladder assay, Maxim Biotech). Samples were run for 15 min at 100 V on 2% agarose-ethidium bromide gel and visualized using a UV imager.
Statistical analysis. For comparison between treatment groups, the null hypothesis that no difference existed between treatment means was tested by ANOVA for multiple groups or t-test for two groups (InStat, GraphPad Software). Statistical significance (P Ͻ 0.05) between and within groups was determined by Bonferroni's method of multiple comparisons.
RESULTS

Fetal cells activate NF-B in response to hyperoxia.
After 8 h of hyperoxia, nuclear extracts from fetal cells demonstrated significantly increased binding to the NF-B consensus sequence (Fig. 1A) . This binding was seen specifically in the upper bands, increased at 8 h, and remained significantly increased through 24 h of hyperoxic exposure (Fig. 1B) . In contrast, nuclear extracts from adult cells showed no increased binding in response to hyperoxia (Fig. 1A) . These findings indicate a maturational difference in hyperoxia-induced NF-B activation. To evaluate the involvement of the most abundant NF-B subunit proteins, p50 and p65, in hyperoxia-induced binding, we performed supershift experiments. Before the binding reaction, anti-p50 or anti-p65 antibody was added to nuclear extracts from fetal cells exposed to 8 h of hyperoxia. Only addition of anti-p65 antibody resulted in a supershift retardation of the binding complex (Fig. 1C) . Addition of anti-p50 antibody decreased the density of the band seen with hyperoxic exposure; however, there was no distinct supershift retardation band in fetal cells exposed to hyperoxia (Fig. 1C) . This pattern suggests that the p65 subunit participates in regulating gene expression after hyperoxia-induced NF-B activation. In nuclear extracts from fetal cells exposed to TNF-␣ (Fig. 1C) , EMSA indicated that a much less pronounced increase in nuclear NF-B consensus sequence binding was induced by hyperoxia than by TNF-␣ exposure. Also, supershift experiments performed on fetal cells exposed to TNF-␣ more clearly demonstrated the presence of p65 and p50 in the bands. In support of the EMSA results, Western blot analysis for p65 performed on nuclear extracts isolated from fetal cells demonstrated an increase in nuclear p65 after 8 h of hyperoxia (Fig. 1D) . Immunocytochemistry supported nuclear translocation, with decreased cytoplasmic expression of p65 and increased nuclear colocalization after hyperoxia (Fig. 1E) .
Hyperoxia induces a slow-migrating IB␣ unique to fetal cells. To further define the signaling events upstream of NF-B nuclear translocation and consensus sequence binding, we evaluated levels of immunoreactive IB␣. Western blot of cytosolic extracts from fetal cells exposed to hyperoxia showed a second ϳ40-kDa immunoreactive IB␣ band ( Fig. 2A) above the major band appearing in control cells. This upper band increased significantly from baseline with hyperoxia and persisted through 24 h of exposure (Fig. 2B) . This same band appeared in fetal cells after 4 h of treatment with 1 mM H 2 O 2 (data not shown). In adult cells, two bands were observed in control cells, and neither changed with hyperoxia ( Fig. 2A) . These data indicate the formation of a variant of IB␣ unique to fetal cells exposed to hyperoxia.
Hyperoxia results in specific phosphorylation of IB␣ tyrosine residues. To ensure the specificity of IB␣ antibody for the fetal rat lung fibroblast IB␣, we evaluated the IB␣ pattern in response to TNF-␣. In concert with previously published reports, we observed a decrease in total IB␣ by 15 min of TNF-␣ exposure, followed by reaccumulation and return to baseline by 60 min (Fig. 3A) . TNF-␣ induced an increase in phosphorylation of IB␣ at serine 32, which did not change from baseline in cells exposed to hyperoxia (Fig. 3B) . To evaluate whether the slow-migrating band seen in hyperoxia represented phosphorylated IB␣, cytosolic extracts from fetal cells exposed to 8 h of hyperoxia were incubated with CIP (Fig. 3C) . The upper band was reduced in a dose-dependent manner after incubation with CIP, suggesting that this band was a phosphorylated form of IB␣ (Fig. 3C) . In contrast, the appearance of the slow-migrating band was not changed by incubation of cytosolic extracts from adult cells exposed to hyperoxia with CIP, suggesting that this band did not represent a phosphorylated form of IB␣ (Fig. 3C) . Additionally, incubation of the cytosolic extracts from fetal cells exposed to hyperoxia with PTP1B, a phosphotyrosine-specific phosphatase, also resulted in disappearance of the slow-migrating band, suggesting that IB␣ is phosphorylated on tyrosine residues after hyperoxia (Fig. 3D) . The similar exposure of adult cytosolic extract to PTP1B did not change the appearance of the upper band (Fig. 3D) . These results confirm that the upper band appearing in fetal samples after hyperoxia represents IB␣ phosphorylated on tyrosine residues, whereas the upper band seen in adult cytosolic extracts is not a phosphorylated form of IB␣. Although the identity of the upper band seen in adult fibroblasts was not elucidated, these experiments prove that it does not represent a phosphorylated form, as seen in fetal cells exposed to hyperoxia.
The slow-migrating band results were further evaluated by immunoprecipitation with anti-IB␣ antibody and immunoblotting with anti-phosphotyrosine antibody (Fig. 4A) . IB␣ phosphorylated on tyrosine residues was found in fetal cells exposed to hyperoxia, whereas no phosphorylation of IB␣ on tyrosine residues could be detected on adult cells (Fig. 4A) . The reverse experiment, namely, immunoprecipitation with specific phosphotyrosine antibody and immunoblot with anti-IB␣ antibody, confirmed these results (Fig. 4B) . Specificity of this phosphorylation to tyrosine 42 was determined by immunoprecipitation with IB␣ and immunoblot with anti-pIB␣ tyrosine 42 (Fig. 4B) . Overall, these results demonstrate that phosphorylation of IB␣ on tyrosine 42 occurs with hyperoxiainduced NF-B activation, which is unique to fetal lung cells.
Y42F suppresses hyperoxia-induced NF-B activation. To evaluate the specific contribution of phosphorylation of IB␣ at tyrosine 42 on hyperoxia-induced NF-B activation, we used a mutant form of IB␣. This variant (Y42F), in which phenylalanine is substituted for tyrosine 42, functions as a dominant-negative inhibitor of the atypical pathway (28) . Fetal cells were exposed to hyperoxia (8 h) after transfection with a vector containing a mutated variant of IB␣. Transfection efficiency was confirmed to be 50 -55% via fluorescein-activated cell sorting analysis (data not Fig. 1 . Hyperoxia increases NF-B consensus sequence binding of nuclear proteins in fetal, but not adult, rat lung fibroblasts. Fetal and adult lung fibroblasts were exposed to room air or hyperoxia (95% O2-5% CO2) for 4, 8, or 24 h. Nuclear extracts were prepared and subjected to EMSA. For each sample, 5 g of nuclear protein were evaluated to determine NF-B consensus sequence binding activity. A: representative EMSA. 8M, 50-fold excess of unlabeled mutated NF-B consensus sequence oligonucleotide added to 8-h sample; 8C, 50-fold excess of unlabeled NF-B consensus sequence oligonucleotide added to 8-h sample. B: densitometric evaluation of the upper band showing increased binding after hyperoxia. Values are means Ϯ SE of 3 independent experiments for each group. Significantly different from time 0: *P Ͻ 0.05; †P Ͻ 0.01. C: representative EMSA showing supershift experiments of nuclear extracts from fetal cells exposed to hyperoxia (8 h at 95% O2-5% CO2) or TNF-␣ (20 ng/ml for 1 or 4 h). Cold, 50-fold excess of unlabeled oligonucleotide added to 8-h sample; mutant, 50-fold excess of mutated oligonucleotide added to 8-h sample; p50 ab, supershift with anti-p50 antibody; p65 ab, supershift with anti-p65 antibody. D: representative Western blot showing p65 in nuclear extracts from fetal lung fibroblasts exposed to hyperoxia, with acetyl-histone H3 as loading control. M, marker. E: immunocytochemical staining of p65 protein in fetal cells exposed to 24 h of hyperoxia. Note cytosolic staining of p65 (red) in cells before exposure to hyperoxia, with decreased p65 cytosolic staining and nuclear colocalization with 4Ј,6-diamidino-2-phenylindole staining (blue) after hyperoxia.
shown). Expression of the transfected protein was confirmed by Western blot analysis against IB␣ (Fig. 5B) . Furthermore, inhibition of tyrosine phosphorylation was shown by incubation of cytosolic extracts from cells exposed to hyperoxia with CIP (Fig. 5C ). Phosphatase treatment did not change the appearance of the overexpressed Y42F, suggesting inhibition of IB␣ phosphorylation after hyperoxia (Fig. 5C ). Nuclear extracts subjected to EMSA showed that Y42F transfection completely prevented hyperoxia-induced NF-B consensus sequence binding (Fig. 5A) , suggesting that phosphorylation of IB␣ on tyrosine 42 is essential to hyperoxiainduced NF-B activation. After transfection of WT IB␣ (Fig.  5D) , inhibition of nuclear hyperoxia-induced NF-B consensus sequence binding was not seen (Fig. 5A) .
Hyperoxia inhibits NF-B-driven luciferase reporter activity in stably transfected fetal lung fibroblasts.
To further define the effect of hyperoxia-induced NF-B activation on gene transcription, an RLF-6 fetal cell line stably expressing a luciferase reporter gene driven by four copies of the NF-B consensus sequence fused to a TATA-like promoter (pNFB-luc) was generated. Cells were exposed to hyper- (Fig. 6 ). These data suggest that the NF-B dimers that bind to the consensus sequence sites in response to hyperoxia suppress expression of downstream genes. 
Inhibition of hyperoxia-induced NF-B activation in fetal cells results in upregulation of proapoptotic genes. NF-B is known to regulate apoptosis in response to various stimuli (48).
To identify the impact of hyperoxia-induced NF-B activation on specific genes related to apoptosis, we subjected fetal cells to a targeted gene array analysis. This array included 113 genes related to apoptotic pathways. None of the interrogated genes showed Ͼ1.5-fold upregulation after 8 h of hyperoxia. However, multiple genes showed varying degrees of downregulation (Table 1) . Among these genes were proapoptotic factors Bcl-2-associated X protein (Bax, 1.8-fold), CASP2 and RIPK1 domain-containing adaptor with death domain (2-fold), and Bcl-10 (1.8-fold). In contrast, cells transfected with Y42F showed a specific upregulation of these proapoptotic genes after hyperoxia [Bax protein (1.9-fold), CASP2 and RIPK1 domain-containing adaptor with death domain (1.9-fold), and Bcl-10 (1.6-fold)]. In support of these findings, Bax protein levels increased when hyperoxia-induced NF-B activation was prevented with Y42F (Fig. 7) . This indicates the specificity of IB␣ tyrosine 42 phosphorylation in modulating downstream genes in response to hyperoxia-induced NF-B activation. Nevertheless, immunoreactive Bax protein was not visibly changed in fetal cells exposed to hyperoxia or in cells transfected with empty vector or WT IB␣ and exposed to hyperoxia. This finding is expected, given the length of exposure and the long half-life of Bax protein. Previous reports show that the half-life of Bax exceeds 24 h (6); thus a decrease in gene expression in response to hyperoxia would not be expected to decrease the basal levels, even after exposures of 8 -24 h, as in these experiments.
Preventing hyperoxia-induced NF-B activation in fetal lung cells results in enhanced apoptosis. To evaluate whether the change in apoptotic gene expression affected apoptosis, we assessed caspase-3 activity. After hyperoxia, there was a significant decrease in caspase-3 activity in fetal cells, supporting the array data that show modulation of expression of genes regulating apoptosis by NF-B activation (Fig. 8A) . Transfection with vehicle or WT IB␣ abrogated the decrease in caspase-3 activity after hyperoxia, which we hypothesize may be due to exposure to the transfection reagent or partial blockade of hyperoxia-induced NF-B activation by the overexpression of WT IB␣ (Fig. 8A) . In contrast, cells transfected with Y42F showed a twofold increase in caspase-3 activity. Others have shown that H 2 O 2 activates NF-B after phosphorylation of IB␣ at tyrosine 42 (45, 57, 61) . No increase in caspase-3 activity was observed in fetal cells exposed to H 2 O 2 (1 mM, 8 h). However, this oxidant stress resulted in a 5.3-fold increase in caspase-3 activity in fetal cells overexpressing Y42F (Fig. 8A) . Western analysis of procaspase-3 on normal fetal cells and cells overexpressing Y42F (Fig. 8A) showed decreased procaspase-3 in cells overexpressing Y42F after exposure to hyperoxia and H 2 O 2 , supporting cleavage of this protein and activation of apoptosis. These data support the notion that this pathway is important in protection against apoptosis when fetal cells are exposed to oxidative stress. These results were confirmed by DNA laddering, which was seen only in cells transfected with Y42F after exposure to hyperoxia (Fig. 8B) . These findings suggest that the absence of an NF-B response to hyperoxia results in increased levels of apoptosis. These data demonstrate that hyperoxia activates NF-B in fetal lung fibroblasts. However, the literature is somewhat conflicted as to whether hyperoxia results in NF-B activation. Most studies done on cancer cell lines show no NF-B response to hyperoxia (1, 25, 47, 50, 67) . In A549 alveolar adenocarcinoma cells, nuclear translocation of NF-B was shown, but this had no effect on the cellular response to hyperoxia (42) . In contrast, studies done on multiple primary lung cells and cell lines derived from normal lung tissue show remarkable consistency in their ability to activate NF-B in response to hyperoxia (19, 30, 32, 58, 60) . Cumulatively, these studies suggest that the pathway leading to hyperoxia-induced NF-B activation may be active only in primary cells and cell lines derived from normal tissue. Furthermore, in the present study, this pathway was active only in fetal cells. Multiple models have shown maturational regulation of NF-B activation in response to various stimuli, including hyperoxia (2, 39, 64, 68) . Our study is consistent with maturational regulation of NF-B activation. Because of the conflicting reports cited, it has been difficult to understand the role and importance of NF-B in regulating the cellular response to hyperoxia. Our work sheds light on this complex pathway.
The precise mechanistic effect of tyrosine 42 phosphorylation on the interaction between IB␣ and NF-B dimers remains obscure. Additionally, it is not clear whether phosphorylation of tyrosine 42 precedes degradation of IB␣ (40, 46, 57) or, merely, dissociation of NF-B complexes from this inhibitory protein (7, 36, 45, 59, 61, 71) . In our model, we noted phosphorylation of tyrosine 42, but no degradation of were exposed to room air, H2O2 (8 h), or hyperoxia (24 h). Cell lysate or genomic DNA was collected and subjected to caspase-3 activity assay and Western blot analysis or DNA laddering assay, respectively. A: caspase-3 activity increases in fetal cells transfected with Y42F and exposed to hyperoxia. Left: fold change in caspase-3 activity in cells exposed to hyperoxia compared with respective controls. Air, fetal cells exposed to room air; O2, fetal cells exposed to 24 h of hyperoxia; L, lipofectamine-treated cells exposed to room air; L-O2, lipofectamine-treated cells exposed to 24 h of hyperoxia; V, empty vector-transfected cells exposed to room air; V-O2, empty vector-transfected cells exposed to 24 h of hyperoxia; WT, WT IB␣-transfected cells exposed to room air; WT-O2, WT IB␣-transfected cells exposed to 24 h of hyperoxia; Y42F, Y42F-transfected cells exposed to room air; Y42F-O2, Y42F-transfected cells exposed to 24 h of hyperoxia; H2O2, fetal cells exposed to 1 mM H2O2 for 8 h; Y42F-H2O2, Y42F-transfected cells exposed to 1 mM H2O2. Values are means Ϯ SE of 6 independent experiments for each group. Our data demonstrate that hyperoxia-induced NF-B activation suppresses gene expression in a cell line derived from normal lung tissue. Whether this is due to unique subunit conformation, altered DNA binding secondary to subunit oxidation, or some other protein interacting with nuclear NF-B was not evaluated here. Previous reports demonstrated that the p50 subunit plays a role in modulation of hyperoxia-induced NF-B activation (68) . In this model, the p65 subunit of NF-B translocates to the nucleus and binds to its consensus sequence after hyperoxia, suggesting that p65 may also be important in modulating gene expression.
Although the link between oxidative stress, NF-B activation, and tyrosine phosphorylation was first described in 1993 (62), no reports have described this response to hyperoxia. Phosphorylation of IB␣ on tyrosine 42 and resultant NF-B activation modulate a distinct response to hyperoxia in fetal lung fibroblasts. The cellular apoptotic threshold is held in balance by the presence of pro-and antiapoptotic proteins. Classically, NF-B affects this balance by upregulating expression of proteins that prevent apoptosis (38) . Furthermore, there is strong evidence that these pathways are active in mediating hyperoxic injury in the lung. In a study performed on adult rat alveolar epithelial cells, Bax was found to be required for hyperoxia-induced apoptosis (15) . Additionally, murine embryonic fibroblasts that do not express Bax and Bak are resistant to hyperoxia-induced cell death (16) . In the present study, hyperoxia-induced NF-B activation prevented apoptosis by downregulating proapoptotic genes, including Bax, and this was reversed by transfection with a dominant-negative IB␣ that cannot be phosphorylated on tyrosine 42. Additionally, our results are in agreement with findings of others who demonstrated that blocking NF-B activation results in upregulation of Bax protein expression (6) . Thus hyperoxia-induced NF-B activation shifts the threshold toward inhibition of apoptosis in fetal lung fibroblasts.
Hyperoxia-induced NF-B activation may explain in part how this stimulus alters lung development. The lung contains Ͼ40 different cell types (11) , and it appears that not all cells tolerate hyperoxic exposure in the same way. Although endothelial cells appear very sensitive to oxygen toxicity, type II epithelial cells appear resistant and proliferate in the recovery phase (24) . Exposure to hyperoxia appears to prevent the normal differentiation of type II cells to type I cells in the developing lung (70) . Lung fibroblasts play an essential role in lung development and alveolarization. As part of normal lung development from the canalicular to the alveolar stage, fibroblasts undergo apoptosis (41), a process that continues through postnatal lung development (13, 55) . Any process that interferes with the normal apoptotic process would necessarily adversely affect lung development. Our data show that NF-B activation prevents apoptosis in hyperoxia-exposed fetal lung fibroblasts. We speculate that altering the normal pattern of fibroblast apoptosis through exposure to hyperoxia during a critical period could contribute to abnormal lung development. Others have shown that hyperoxia causes fibroblast transdifferentiation, alters control of elastin synthesis, and decreases fibroblast growth factor 7 activity (8, 12, 14, 35, 51) . Together with our work, these studies suggest that hyperoxic exposure of fibroblasts alters normal lung development. Careful examination in animal models is warranted to confirm this hypothesis.
In summary, phosphorylation of IB␣ on tyrosine 42 precedes hyperoxia-induced NF-B activation in fetal lung fibroblasts. This activation pathway is present in fetal, but not adult, lung fibroblasts. In these cells, NF-B nuclear translocation results in the downregulation of proapoptotic genes. Functionally, this results in protection against apoptosis following hyperoxia. We speculate that although NF-B activation may prevent apoptosis in fetal lung fibroblasts exposed to hyperoxia, it may lead to abnormal lung development by disrupting the normal pattern of apoptosis.
